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PREFACE

During the month of June 2006, a series of structural response measurements were made
on a house on Edwards Air Force Base (EAFB) property that was excited by sonic booms
of various amplitudes. Many NASA personnel other than the authors of this report from
both Langley Research Center and Dryden Flight Research Center participated in the
planning, coordination, execution, and data reduction for the experiment documented in
this report. The authors of this report would like to acknowledge the support of all those
people involved in this test.

The purpose of this report is to document the measurements that were made, the structure
on which they were made, the conditions under which they were made, the sensors and
other hardware that were used, and the data that were collected. To that end, Chapter 2
documents the house, its location, and the physical layout of the house and surrounding
area. Chapter 3 documents the sensors and other hardware that were placed in the house
during the experiment. In addition, day-to-day variations of hardware configurations and
transducer calibrations are documented in Chapter 3. Chapter 4 documents the boom
generation process, flight conditions, and ambient conditions of the outside environment
during the test days. Chapter 5 includes information about sub-experiments that were
performed to characterizing the vibro-acoustic response of the structure, the acoustic
environment inside the house, and the acoustic environment outside the house. Chapter 6
documents the data format and presents examples of reduced data that were collected
during the test days.



CHAPTER 1: INTRODUCTION AND TEST OVERVIEW

Civilian supersonic flight over land is restricted due to the environmental impact of sonic
booms on populations over which the aircraft would fly. The sound produced on the
ground by sonic booms, characterized by the classic N wave with a high overpressure and
fast rise time, is found to be intrusive enough to a populace to warrant these blanket
restrictions. However, there is currently a desire among airplane manufacturers to
design, build, and market supersonic business jets enabling supersonic flight over land
using technology to mitigate boom intrusiveness. This goal has been further motivated
by the demonstration of sonic boom shaping by DARPA, NASA, and industrial partners
during a recent experiment.! In that experiment, it was shown that the peak overpressure
of a sonic boom could be reduced in a predictable way by shaping the airframe. By
shaping future aircraft to modify the shock structure, several airframe builders are
pursuing novel business jet designs that should result in significantly lower boom
overpressures and slower rise times than those produced by current supersonic aircraft.
Thus, there is hope that, due to the lower overpressures observed on the ground, these
designs could be capable of flying supersonically over populated land without creating
objectionable noise.

However, supersonic flight over land will only be possible after modification of
restrictions that are currently in place. Such modifications will require substantial
justification that boom signatures generated on the ground by low boom aircraft are not
objectionable to citizens. Thus, to evaluate the effects of low amplitude sonic booms,
and ultimately affect decisions regarding supersonic flight restrictions, knowledge and
tools need to be developed to enable study of the noise generated by low overpressure
booms. One aspect of this effort needs to be focused on commonly populated
environments, such as inside residential buildings. For the purposes of development and
validation of indoor structural acoustic modeling tools, a series of tests was conducted by
NASA personnel on a house exposed to several sonic booms of different peak
overpressures. The tests conducted during this experiment included indoor and outdoor
human subjective response studies, as well as building structural and acoustic response
measurements. The focus of this report is to document the building vibro-acoustic
response measurements.

During the month of June 2006, a large set of structural acoustic response measurements
was made in a house on Edwards Air Force Base (AFB) property. The ranch style house
used in this test is shown in Figure 1.1. More detail about the house and its physical
layout is documented in Chapter 2. Requirements for the subjective response studies led
to the house being exposed to a large number of low overpressure sonic booms. Over the
course of six days of testing, the structural acoustic response of the house was measured
for 112 sonic booms that ranged in overpressure from approximately 0.05 Ib¢/ft* to 1.8
Ibs/ft* as measured by a ground microphone placed outside the house. This range of

1 K.J. Plotkin, J.A. Page, D.H. Graham, J.W. Pawlowski, D.B. Schein, P.G. Coen, D.A. McCurdy, E.A.
Haering, J.E. Murray, L.J. Ehernberger, D.J. Maglieri, P.J. Bobbitt, A. Pilon, J. Salamone, “Ground
Measurements of a Shaped Sonic Boom”, Proceedings of the 10th AIAA/CEAS Aeroacoustics Conference,
Paper number AIAA 2004-2923, 2004.



overpressures spanned those that are believed to be obtainable from supersonic business
jets incorporating low boom designs (0.1 to 0.3 Ib¢/ft?) in addition to typical those
generated by conventional aircraft (typically greater than 1 Ib¢/ft?). All 112 sonic booms
studied were generated using F/A 18 aircraft maintained, operated and flown by NASA
Dryden personnel. Typically, an F/A 18 aircraft would not be capable of generating a
sonic boom with overpressures in the lower portion of the range studied. However, a
unique dive maneuver (Figure 1.2) was used to generate sonic booms that resulted in the
low overpressure observed at the house. More detail on the boom generation process is
given in Chapter 4. Of the 112 sonic booms measured during this experiment, 98 were
low overpressure booms generated by the dive maneuver and ranged from 0.05 Ib#/ft? to
0.80 Ibg/ft>. The other 14 booms were generated by straight and level flight of the F/A 18
over the test house and were intended to be representative of booms generated by current
aircraft. The overpressure range observed at the house from these normal amplitude
booms was from 0.84 Ib¢/ft* to 1.8 Ib/ft%.

Roughly 288 transducers, a mix of accelerometers and microphones, were installed both
inside and outside the house. All the transducers were simultaneously sampled and
recorded at sample rate of either 25,600 or 51,200 Hz. The hardware used to make these
measurements and the available data are detailed in Chapters 3, 4, 5and 6. Two
bedrooms in the house were heavily instrumented with accelerometers and microphones
and the indoor subjective area was lightly instrumented with transducers (Figure 1.3).
Accelerometers were attached to the walls, windows, and ceilings in the three rooms of
the house (Figure 1.3) to measure the vibration response of these structures to the boom
excitation. The microphones in each room were placed in random locations to sample the
resulting interior noise. In addition, several microphones were placed outside,
surrounding the house, to characterize the excitation field and measure the diffraction of
the boom around the house. More detail is included in Chapter 3 concerning the
transducer types used, layout of the transducers, and changes that were made to the
hardware as the experiment progressed. With all the instrumentation in place inside and
outside the house, several simple tests were conducted to characterize the response of the
house’s acoustic spaces and structural elements of the house. These tests are documented
in Chapter 5. These simple tests included shaker excitation of the walls and windows,
impact hammer measurements of the walls and windows, reverberation measurements
inside the three instrumented rooms using a Briel and Kjer sound level meter, and
impulsive brown paper bag pops inside all of the rooms and outside the house at various
locations.

The focus of this report is documenting the structural acoustic measurements that were
performed on the house during this experiment. However, there was a parallel research
effort that was designed to assess the subjective response of people who were exposed to
the booms observed at the house. Human subjects were placed in two locations and
asked to evaluate the sonic booms heard at the house relative to a reference sound that
was played through speakers. Subjects were seated both inside the house in the main
living area and outside the house in the back yard (Figure 1.3). In each of these
subjective seating areas, ten people sat and listened to the booms generated from F/A 18
aircraft and reference sounds played through speakers placed behind the subject’s head



(Figures 1.4 and 1.5). The main reason that this subjective test is mentioned in this
report is to make the reader aware of possible influences that the presence of the human
subjects may have had on the data quality of the indoor and outdoor structural acoustic
measurements. In some of the recordings, background sounds that are a result of the
presence of the human subjects, such as coughing and shuffling of feet, can be heard. In
addition, the sounds that were played through the speakers are also audible to some
extent in the structural acoustic measurements. These noises do not appear to
contaminate significantly any of the measurements made in the two heavily instrumented
structural acoustic measurement rooms (Figure 1.3). However, the possibility of data
contamination should be understood by the reader before using any of the data from these
tests. Several microphones were placed near the indoor and outdoor human subjects as
documented in Chapter 3. Thus, these microphones can be used to identify when ambient
noise levels are high as a result of the presence of the human subjective testing.



igure 1.1: Photograph of the front of the house.

Figure 1.2: Photograph of the dive maneuver of the F/A 18 aircraft that was used to
generate the low amplitude sonic booms.
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CHAPTER 2: HOUSE DESCRIPTION

The 1,260-square foot house used for this test was a three-bedroom ranch style house,
with a detached garage, located in the base housing area of Edwards Air Force Base.
Basic construction consisted of a concrete slab floor, 2 x 4 wood framing, and a stucco
exterior. The physical address of the house, scheduled for demolition in early 2007 due
to age, was 7334 Andrews Avenue, Edwards, CA. This chapter provides a brief physical
description of the inside and outside of the house and the surrounding area. Chapter 3
provides a description of the transducers, data acquisition equipment, and any other
hardware installed in the house during this test, including mounting locations and daily
placement variations.

Section 2.1: Indoor house description

The floor plan of the house at 7334 Andrews is shown in Figure 2.1 and Appendix A.
There are three bedrooms, one main living space, a kitchen, two bathrooms, and a
detached garage. Note that the orientation of the floor plan is illustrated relative to the
approximate cardinal directions in the figures in this chapter. These cardinal directions
are used to identify the orientation of the walls of each room in the architectural drawings
in the attached appendices. One bedroom was used for a control room (Figure 2.1). This
control room contained all the equipment needed to conduct the test. Three other rooms
in the house, the main living area and the two bedrooms located along the north side of
the house, were instrumented with accelerometers and microphones during this test.
These three instrumented rooms are shown in Figure 2.1. 239 transducers were placed
into the two bedrooms and are documented in the next chapter. For illustrative and
reference purposes, photographs of the back and front bedrooms are presented in Figures
2.2 and 2.3 respectively. Photographs of the main living area are shown in Figure 2.4.

The dimensions of the two bedrooms, the locations of features in the bedrooms (e.g.
doors, windows, and lighting fixtures), and approximate wall stud locations are
documented in architectural drawings provided in Appendix A. It should be noted that
these architectural drawings are estimates based on measurements made by the
researchers involved in this experiment. Unfortunately, no drawings of the actual house
construction could be obtained from the Air Force. The vertical wall stud locations are
estimates determined from stud finder measurements. The horizontal wall stud locations
are estimates based on the physical features of the room, such as the door and window
locations. The room sizes were measured with both a tape measure and a laser distance-
measuring device, and the two measurements were typically within acceptable
agreement. Detailed architectural drawings of the indoor subjective seating area are not
included in this document because the structural acoustic response in this area of the
house is not the primary focus of this report. A brief description follows of the notable
features in the two bedrooms and possible sources of interior noise in these spaces.

The ceiling in the back bedroom was vaulted at a 14-degree angle (Figure 2.2), and the
interior ceiling sheet rock was attached directly to the rafters of the roof. There were no
lighting fixtures attached to the ceiling in this bedroom. In the back bedroom there was a



window in the east wall of the room (Figure 2.2a). The dimensions of the window
opening were 4 feet high by 6 feet long. The window consists of two equally sized
glazings, a metal frame holding each glazing, and a metal track attached to the house
(Figure 2.5). Only the right side of the window was operable (Figure 2.2a) and opened
by sliding horizontally in the metal track (Figure 2.5). The left side of the window did
not open because it was fixed in the track. It should be noted that both glazings exhibited
significant rattle, under even modest excitation applied to either the walls or windows,
due to very loose fit of the metal frame in the metal track. Small pieces of paper towel
were stuffed in between the window frame and the metal track to reduce the rattle of the
window. On the north wall of the back bedroom were two irregularly shaped windows
(Figure 2.2d). The two window glazings were held in a wood frame that was attached to
the framing of the house (Figure 2.6). There were no metal pieces in contact with the
windowpanes of these windows. The fit of these panes in the wood frame was
significantly tighter than the fit of the metal window in the east wall (Figure 2.2a).
However, the panes did exhibit some rattle. Framed into the south wall of the back
bedroom (Figure 2.2b) was a closet. The closet doors and hanger rods were removed
prior to all the tests documented in this report. The wood shelves were left in place and
are shown on the architectural drawings provided in Appendix A. The shelves were
nailed tightly to the walls and did not exhibit rattle. The entry door to the room on the
south wall was closed while measurements were made. Above the entry door, there was
a large vent for the heating, ventilation, and air conditioning (HVAC) system (Figure
2.7). The HVAC system was always turned off during testing. There was one light
fixture on the west wall of the back bedroom (Figure 2.7). While it was slightly loose, it
did not appear to be loose enough to be a significant source of rattle. The light shade was
left on during testing.

Similar to the back bedroom, the ceiling in the front bedroom was vaulted (Figure 2.3),
and the interior ceiling sheet rock was attached directly to the roof’s rafters. In the front
bedroom, a large support beam ran along the ceiling from the north to the south wall
(Figure 2.3a, b, and d). In addition, there was a ceiling fan mounted to the ceiling (Figure
2.3c). The fan did not appear to be a significant source of either rattle or other noise.
There were windows in the west and north walls of this room (Figure 2.3c and d). These
windows were of similar design and rattle characteristics to those of the back bedroom
discussed in the preceding paragraph. A double closet was located along the west wall of
the front bedroom (Figure 2.3a). The closet doors and hanger rods were removed prior to
the tests documented in this report. The wood shelves were left in place and are shown
on the architectural drawings provided in Appendix A. They were nailed tightly to the
walls and did not exhibit rattle. Two doors and two light fixtures were located on the
south wall (Figure 2.8). While the two light fixtures on the south wall were slightly
loose, they did not appear to be loose enough to be a significant source of rattle. The
light shades were removed prior to testing. The locations of these light fixtures are
indicated in Appendix A. The entry door to the room and the door to the bathroom, the
doors on the left and right side of Figure 2.8 respectively, were closed during
measurements. The fit of these doors was tight and did not appear to be a source of either
rattle or creaking. On two occasions, the toilet in one of the bathrooms was running
intermittently during measurements. Noise caused by the running toilet should be
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identifiable in the time history of accelerometers mounted to the walls in the front
bedroom. Above the entry door was a large HVAC vent (Figure 2.8). The HVAC
system was always turned off during testing.

Without some absorption, the rooms would have been very reverberant, and would not
adequately represent the interior of a typical dwelling. Queen size foam mattress pads
were placed in the front and back bedrooms to increase the acoustic absorption in these
rooms (Figure 2.9). Six mattress pads were placed into the front bedroom; two were
placed on the floor near the middle of the room and four lined the closet wall (Figure
2.9a). Five mattress pads were placed in the back bedroom; two were placed on the floor
in the middle of the room, one was folded in half and placed on the closet floor, and two
lined the closet wall (Figure 2.9b). The foam mattress pads were nominally 1 inch thick,
roughly 72 by 60 inches in size, and were made from open cell foam. Reverberation time
measurements were made to characterize the rooms in the presence of the foam pads.
These measurements are documented in Chapter 5.

Section 2.2: Outdoor house description

The front, back, and side yards of the house used in this experiment are shown in Figures
2.10 through 2.12, respectively. Features of interest in the back yard of the house are
presented in Figures 2.13 through 2.15. Aerial photographs of the house and surrounding
area are shown in Figures 2.16 through 2.18. Architectural drawings and higher
resolution photographs of the house and garage exterior are provided in Appendix B.
The architectural drawings presented in Appendix B were estimated from measurements
made by hand using a tape measure. In addition, a Global Positioning System (GPS)
survey of the house and garage was performed by NASA Dryden and is provided in
Appendix C. These survey locations should be helpful in orienting the house relative to
the aircraft position data documented in Chapters 4. Also, several microphones were
placed outside the house to measure the exterior sound field exciting the structure and the
diffraction around the house. However, for brevity, a discussion of the nominal exterior
transducer layout is not given in this chapter, but is documented in Chapter 3. A
discussion of some of the exterior features of the house and surrounding area follows.

An air conditioner unit, or “swamp cooler”, was mounted to the roof of the house (Figure
2.11) and was located approximately over the back bedroom closet. The size of the
swamp cooler and the location of the swamp cooler relative to the roof layout are
illustrated in Appendix B. From the dimensions presented in Appendices A and B, the
location of the swamp cooler relative to the floor plan of the back bedroom should be
evident. It should also be noted that five microphones were placed on the roof; one of the
microphones was close to this swamp cooler. More discussion of the locations of these
roof microphones and the proximity to the swamp cooler is given in Chapter 3.

A brick fence of cinder block construction, identifiable in the photographs shown in
Figures 2.11 through 2.16, surrounded the backyard and varied in height off the ground
(Figure 2.13). The locations of the corners of the fence are included in the GPS survey
data presented in Appendix C. Diffraction around this fence may be important when



considering the microphone measurements made in the backyard. Also, the top of this
brick fence was fairly level. Thus, the grade of the back yard relative to the house may
be estimated from the photos of this fence knowing that the blocks were roughly 12
inches long by 6 inches high. Detailed photos of the fence surrounding the house are
available on request. A small privacy wall was originally part of the patio in the back
yard (Figure 2.14a). This privacy wall was knocked down prior to this test (Figure 2.14b)
to avoid possible interference with interior and exterior microphone measurements.

Aerial photography of the house and surrounding area is shown in Figure 2.17. Directly
to the west of the house is a park where Andrews Avenue separated the park from the
house. Noises from the park, such as children playing, pedestrian noises, and traffic
noise from Andrews Avenue were possibly recorded on the exterior microphones.

One tree was in the back yard of the test house at 7334 Andrews Avenue and three trees
were in the back yard of the neighboring house (Figures 2.15 and 2.16). The presence of
these trees may have had some impact on the measurements recorded by the microphones
placed in the back yard (microphone locations are detailed in Chapter 3). The most
significant affect of the trees on these measurements appeared to be increased noise due
to leaf rustling, which can clearly be heard in recordings made on windy days.

The section of base housing where the test house was located was undergoing a complete
renovation. All the housing present in this area was to be demolished in stages starting in
2005 and ending in 2008. The housing identified in Figure 2.20 was undergoing
demolition during this test. This area was only located a few blocks from the house.
Consequently, noises associated with demolition, including moving of heavy machinery
and crushing of concrete slabs, could be heard at the house and were recorded by the
microphones. Typically, the noises associated with heavy machinery included exhaust
noise and warning beeps as the machines were moved around the deconstruction site. In
addition to the noises associated with demolition, during some of the later measurement
days, construction of new housing started. Sounds associated with this construction may
be evident in the recordings.

Section 2.3: Some relevant dimensions

In addition to the dimensions presented in the architectural drawings of the house interior
and exterior provided in Appendices A and B, estimates of the dimensions of other
relevant features are listed in Table 2.1.

13



Table 2.1: Dimensions of Various Items

Description Dimension
Window Glass Thickness 0.115 inches
Stucco Thickness 1.0 inches
Stud Thickness 3.5 inches
Stud Width 1.5 inches
Sheetrock Thickness 0.375 inches

14
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Figure 2.1: Floor plan of the house illustrating the subjective areas and the two bedrooms
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Figure 2.2: Photographs of the walls of the back bedroom; a) east wall, b) south wall, ¢)
west wall, and d) north wall. See Appendix A for larger photographs and detailed
drawings of this room.
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Figure 2.3: Photographs of the walls of the front bedroom; a) east wall, b) south wall, ¢)
west wall, and d) north wall. See Appendix A for larger photographs and detailed
drawings of this room.
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Figure 2.4: Photographs of the walls of the inside subjective room illustrating exterior
walls and subjective seating locations.
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Figure 2.5: The 4-foot by 6-foot window a) looking at the window from inside the house,
b) looking at the window from outside the house, c) detail of the track and frames.
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Figure 2.6: a) Window detail of the windows in the north wall of both structural acoustic
measurement rooms, b) detail of the frame holding the glazings, c) looking at the
windows from outside the house.
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Figure 2.7: Picture of the lighting fixture on the west wall of the back bedroom.
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Figure 2.8: Picture of the lighting fixtures on the south wall of the back bedroom.
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Figure 2.12: Side view of the house at 7334 Andrews Avenue illustrating the north wall
of the heavily instrumented structural response rooms.



Figure 2.13: Photographs of the bck yrd illustrating the fence surrounding the house.
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Figure 2.15: Photograph of the tree in the back yard and of the subjective seating area
under the tree.

Figure 2.16: Aerial photograph of 7334 Andrews Avenue, Edwards, CA.
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Figure 2.18: Aerial photograph of Edwards AFB with 7334 Andrews Avenue illustrated.
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CHAPTER 3: HARDWARE DESCRIPTION

Several different types of microphones and accelerometers were placed throughout the
inside and outside of the house used in this experiment. Measurements were made with
these transducers on the 13", 15", 16", 20" 21% and 22" of June 2006. Each day there
were typically two measurement sessions, where 8 to 14 booms were recorded during
each session. The flights flown during these measurement sessions and the data collected
are documented in Chapters 4 and 6 respectively. This chapter focuses on the transducers
and other hardware used during these measurements and documents the:

Transducers installed in the house

Nominal transducer layout

Data acquisition system used to acquire data

Calibration procedures used and calibration data

Day-to-day hardware changes made over the course of the six test days
Day-to-day changes made to the instrumented rooms

Section 3.1: Description of the transducers used

Accelerometers were attached to the walls, windows, and ceilings in three rooms of the
house (two bedrooms and the indoor subjective seating room) to measure the vibration
response of the structure to the sonic boom exposure. Microphones were placed in each
room in random locations to sample the resulting interior noise. In addition, several
microphones were placed outside, surrounding the house, to characterize the excitation
field and measure the diffraction of the boom around the house. The current
manufacturers specification sheets for all the transducers, signal conditioning, and data
acquisition hardware used in this test are included in Appendix D. A list of the pertinent
transducer information including serial number, nominal sensitivities, and mounting
location is given in Table 3.1.

A total of 171 accelerometers were placed on the walls, windows, and ceilings inside the
house. Sixteen accelerometers were placed in the subjective seating area; the remaining
155 accelerometers were mounted to surfaces in the two heavily instrumented bedrooms.
Accelerometers were always mounted so that the measurement direction was oriented
normal to the mounting surface, where positive acceleration pointed in the direction of
the room interior. Thus, only the out of plane motion of the walls, windows, and ceilings
was measured during this experiment. A detailed discussion of the mounting locations
and adhesive used for these accelerometers is given in Section 3.2. Various quantities of
four types of accelerometers were used during this test:



Accelerometer Types Used

Quantity Accelerometer model Sensitivity (mV/q)
82 Endevco model 2250A-10 10

40 PCB Piezotronics model 333B32 100

29 PCB Piezotronics model 333B42 500

20 PCB Piezotronics model 333B52 1000

The Endevco model 2250A-10 accelerometers are lightweight 0.4 gram, ceramic shear
mode accelerometers and have a nominal sensitivity of 10 mV/g. Due to the relatively
low sensitivity and low mass, these accelerometers were primarily used on the ceiling and
windows where response levels were expected to be high or mass loading was of
concern. The PCB 333B series of accelerometers are high sensitivity, low noise ceramic
shear mode accelerometers. The masses of the 333B32, B42, and B52 accelerometers are
4 grams, 7.5 grams, and 7.5 grams respectively, which are significantly higher masses
than the Endevco accelerometers. Due to the higher mass, higher sensitivity, and lower
noise, the PCB 333B series of accelerometers were mounted primarily on walls where
mass loading was not a concern and where higher sensitivities were desired due to the
lower response levels expected in the walls. All accelerometers used in this test require
ICP power. The data acquisition system, documented in Section 3.3, was used to power
these ICP transducers.

A total of 40 precision condenser microphones were used indoors and outdoors to sample
the excitation field and indoor acoustic response. A detailed discussion of the placement
of these microphones is given in the next section of this chapter. Five types of precision
microphones were placed in and around the house:

Precision Microphone Types Used

Quantity Accelerometer model Nom. Sensitivity (mV/Pa)
13 Bruel and Kjer Type 4193 12.5

12 Gras model 40AQ 50

6 Gras model 40AE 50

5 Gras model 40AE-S1 50

2 Briel and Kjer Type 4197 intensity probe 11.2

The Briel and Kjer Type 4193 and Gras model 40AE-S1 are microphones specifically
designed for low frequency acoustic measurement and are well suited for use in
measuring the acoustic response of sonic booms. One Type 4193, due to the low
frequency capability, was placed in each room inside the house and at several locations
outside to ensure that the low frequency content of the booms was acquired in all areas of
interest. Several Type 4193 and Gras model 40AE-S1 microphones were also placed at
locations of interest outside the house. The Briel and Kjar Type 4193 microphones
require a capacitive power supply. Thus, several Briel and Kjeer Nexus signal
conditioners were used to power these microphones. Gain was applied to the Type 4193
microphones using the Nexus signal conditioners to maximize the dynamic range of the
signal measured by the data acquisition system. The gains used each day varied, and are
listed in Table 3.2 and are documented in Section 3.4. It should be noted, the very low
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frequency adapter Type UC0211 supplied with the Type 4193 microphones were not
used during this test. Two Briiel and Kjer Type 4197 intensity probes were also used in
this test to sample the intensity radiated into the room from the walls and windows. The
four intensity probe microphones were power by Nexus signal conditioners. The Gras
models 40AQ and 40AE are standard frequency range microphones designed for random
incidence and free field measurements respectively. It should be noted that when
comparing the response linearity of the 40AQ and 40AE models, variations in the
response due to incident angle only become important above a few kHz (Appendix D).
Since the acoustic response due to the sonic booms both indoors and outside falls off
rapidly above a few hundred Hz, the differences in the response measured by the free
field and random incidence microphone should be negligible. All the Gras microphones
used in this test require ICP power. The data acquisition system, documented in Section
3.3, was used to power these ICP transducers. A description of the placement of the Gras
and Briel and Kjar precision microphones is given in Section 3.2.

In addition to the precision microphones used to sample the acoustic fields inside and
outside of the house, 72 PCB Piezotronics series-130 array microphones were also used
to sample the near-field acoustic response of the interior walls to infer the vibrational
characteristics of the walls. Two arrays were assembled and are detailed in the next
section of this chapter. The microphone and preamp models used in the arrays varied and
are detailed in Table 3.1. It should be noted that the specification sheets for all the PCB
array microphone models were not available, but specification sheets for the majority of
the series-130 microphones used are provided in Appendix D.

A spherical array of microphones® was also used during this test to measure the near field
response of the window in the front bedroom. The sphere was conceived and designed
by Earl Williams of the Naval Research Lab* and built by Boeing. It consisted of a stereo
lithography frame that held 50 miniature electret condenser microphones, model WM -
61B (Appendix D), manufactured by Panasonic. These 50 microphones were powered by
signal conditioning built and provided by Boeing. The sphere was only used during the
second measurement session on June 21%. Measurements of the near field pressures
using the spherical array can be used to compute the intensity in a volume surrounding
the sphere out to twice the sphere radius’. Thus, the measurements made with the sphere
during this experiment will be used to reconstruct the intensity radiated by the window as
a result of the boom excitation. The positioning of the spherical array, and the
measurement channels it was attached to, are documented in Section 3.5.

Section 3.2: Nominal transducer layout and mounting methods

The transducer layout for the indoor transducers is documented in the drawings included
in Appendix E. The locations where the accelerometers and microphones were mounted
are indicated by dots on the drawings of the walls, windows, ceilings, and floors of each
of the three instrumented rooms. Each dot indicates a transducer location. Red dots
indicate accelerometers and green dots indicate microphones. The number next to each

'Earl G. Williams, Nicolas Valdivia, Peter C. Herdic, and Jacob Klos, “Volumetric acoustic vector intensity
imager”, J. Acoust. Soc. Am. 120, 1887 (20006).



dot identifies the channel number of the data acquisition system to which the transducer
was connected. These channel numbers can be cross-referenced with the channel table
(Table 3.1) to identify the specific transducer placed at each position. Accelerometers
were always mounted so that the measurement direction was oriented normal to the
mounting surface, where positive acceleration pointed in the direction of the room
interior. Only one of the accelerometers was moved during the test. This was the
accelerometer that was attached to channel 112 of the data acquisition system and was
initially mounted to the floor in the back bedroom. The changes made to this
accelerometer, and the reasons for the change are documented in Section 3.5. No other
accelerometers were moved from their nominal mounting locations illustrated in
Appendix E.

The accelerometers were mounted on the walls using a blue mounting wax supplied with
the transducers by PCB Piezotronics. Before the first day of testing, the accelerometers
were checked to ensure that the bond of accelerometer to wall was sound. Several
accelerometers were remounted during this check due to mountings that had come loose.
After these initial mounting problems, no other accelerometers were found to have come
loose throughout the duration of the tests. Accelerometers placed on the windows were
adhered to the windows using superglue instead of wax. This was due to the high
outdoor temperatures that would melt wax applied to the windowpanes. Superglue was
also used to mount the accelerometers to the ceilings in all three rooms. While the
mounting of the transducers has been discussed in this section, wiring of the transducers
to the data acquisition system is documented in Section 3.3.

In addition to the accelerometer locations, the locations of the interior microphones are
indicated on the drawings of the floors of each room (Appendix E). In the floor
schematic of each room, the horizontal positions of the microphones are indicated by
green dots on the floor layout and the height of the microphones off of the floor is
indicated in the label next to each dot. Four microphones were placed in the front
bedroom, three were placed in the back bedroom, and four were placed in the indoor
subjective seating room. The interior microphones placed in the two bedrooms were
mounted in microphone holders that were attached to tripods (Figure 3.2) and were
always oriented so that the microphone pointed up. Windscreens were not used on the
interior bedroom microphones. To limit the hazards in the subjective area, the interior
subjective room microphones were suspended from the ceiling and windscreens were
used to protect against curious human subjects. The positions of the Gras and B&K
precision microphones in each room typically did not vary from day-to-day. One
exception was the microphone on channel 205 in the front bedroom. This microphone
was moved outside for measurements made on June 22, 2006. This change is
documented in Section 3.5. In the schematic of the indoor subjective seating area
(Appendix E), the approximate locations of the chairs are also illustrated for reference.
The presence of the subjects in the house during testing may have resulted in noises due
to things such as shuffling of feet and coughing, both of which are sometimes audible in
the recorded data. The microphones in the indoor subjective area can be used to identify
these types of noises due to the presence of the subjects.
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The nominal locations of the Gras and B&K precision microphones placed outside the
house are illustrated in Appendix F. Some day-to-day deviation from the nominal layout
of the exterior microphone is likely because, unlike the interior microphones, the exterior
microphones, tripods, and ground boards were disassembled and put away each evening
and re-placed each morning. This was done to avoid potential problems caused by
weather and wildlife if the microphones were left outside overnight. Thus, over the six
days of testing, some placement variation in the exterior microphones should be
expected. No rigorous estimate of this variation was made during the testing; however, it
is suspected that any variation was approximately a few inches at most.

The exterior microphones are shown in Figures 3.3 through 3.8. The exterior
microphones were either affixed to the house using Velcro, held in tripods, placed on the
roof, or placed on ground boards. The five roof microphones were mounted to five 6-
inch square brass plates strung together using heavy cord. Each roof microphone was
mounted to a separate brass plate using Velcro, and the series of brass plates were pulled
onto and off of the roof each day. Microphones placed on the ground were placed in the
middle of wooden ground boards, which were 24 inches square, to approximate a rigid
boundary condition. All exterior microphones were fitted with 3-inch diameter
windscreens except for microphones on channels 190 and 194 which were fitted with 6-
inch diameter windscreens. Windscreens were cut in half for microphones that were
mounted to the house or placed on ground boards to ensure that the microphone
diaphragm was as close as possible to the rigid surface. In addition to windscreens,
sunscreens were placed over all of the Gras microphones that were mounted on ground
boards or the roof. Initial calibrations performed before the first test day identified a
significant drift in the sensitivity for the Gras microphones due to a temperature increase
when exposed to direct sunlight for long periods of time. The Gras microphones on the
ground boards and roof were typically very hot to the touch without sunscreens, but with
sunscreens were barel